The concepts and ideas of coherent, nonlinear and quantum optics have been extended to photon energies in the range of 10-100 kiloelectronvolts, corresponding to soft c-ray radiation (the term used when the radiation is produced in nuclear transitions) or, equivalently, hard X-ray radiation (the term used when the radiation is produced by electron motion). The recent experimental achievements in this energy range include the demonstration of parametric downconversion in the Langevin regime were recently proposed in this regime. More related work is discussed in a recent review 8 . However, the number of tools for the coherent manipulation of interactions between c-ray photons and nuclear ensembles remains limited. Here we suggest and implement an efficient method to control the waveforms of c-ray photons coherently.
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The concepts and ideas of coherent, nonlinear and quantum optics have been extended to photon energies in the range of 10-100 kiloelectronvolts, corresponding to soft c-ray radiation (the term used when the radiation is produced in nuclear transitions) or, equivalently, hard X-ray radiation (the term used when the radiation is produced by electron motion). The recent experimental achievements in this energy range include the demonstration of parametric downconversion in the Langevin regime 1 , electromagnetically induced transparency in a cavity 2 , the collective Lamb shift 3 , vacuum-assisted generation of atomic coherences 4 and single-photon revival in nuclear absorbing multilayer structures 5 . Also, realization of singlephoton coherent storage 6 and stimulated Raman adiabatic passage 7 were recently proposed in this regime. More related work is discussed in a recent review 8 . However, the number of tools for the coherent manipulation of interactions between c-ray photons and nuclear ensembles remains limited. Here we suggest and implement an efficient method to control the waveforms of c-ray photons coherently.
In particular, we demonstrate the conversion of individual recoilless c-ray photons into a coherent, ultrashort pulse train and into a double pulse. Our method is based on the resonant interaction of c-ray photons with an ensemble of nuclei with a resonant transition frequency that is periodically modulated in time. The frequency modulation, which is achieved by a uniform vibration of the resonant absorber, owing to the Doppler effect, renders resonant absorption and dispersion both time dependent, allowing us to shape the waveforms of the incident c-ray photons. We expect that this technique will lead to advances in the emerging fields of coherent and quantum c-ray photon optics, providing a basis for the realization of c-ray-photon/nuclear-ensemble interfaces and quantum interference effects at nuclear c-ray transitions.
Quantum optics deals with the interaction of photons with the quantum transitions of matter, providing the basis for the new, fast-growing fields of quantum cryptography, quantum communication and quantum information (see, for example, ref. 9 and references therein). So far, experiments in these fields have been implemented with either microwave or optical photons interacting with atomic transitions, and typically require cryogenic temperatures.
The c-ray photons (for which we use the shorthand 'c-photons') in the 10-100-keV energy range have important potential advantages over the microwave and optical photons for applications in quantum cryptography, communication and information, for a number of reasons. First, with such photons there is nearly 100% detector efficiency and low noise (almost no false detections). Second, there is extremely high (potentially sub-ångström and, at the moment, nanometre 10 ) spatial resolution. This removes what is now a fundamental limitation on the creation of nanoscale photonic circuits set by the diffraction limit, which is ,1 mm for optical photons. Third, they have a high penetration depth in many materials that are opaque to optical photons. Fourth, with such photons the capacity of information channels is potentially much higher.
Nuclear transitions in solids in this energy range have a number of advantages compared with electronic optical transitions. They may present perfect two-level systems with very narrow linewidths (for example 1.1 MHz for the 14.4-keV transition in 57 Fe) owing to the Mössbauer effect (even at room temperature) and deep shielding from the environment. The quality factor for the 14.4-keV transition is Q 5 3 3 10 12 , as per definition: Q is the ratio of resonance energy to bandwidth. Coherent multiple scattering of a c-photon in an optically thick, resonant absorber enables potential applications for single c-photon/nuclearensemble interfaces owing to the collective enhancement of the photonnucleus interaction. We note that in the optical range such single-photon/ atomic-ensemble interfaces have been developed recently as a powerful alternative to cavity-enhanced single-photon/single-atom interfaces 11 . Moreover, natural sources of single c-photons exist in the form of lowactivity radioactive sources, for which discrete emissions well separated in time (compared with the natural lifetime of the level) ensure the singlephoton nature of the radiation. Also, the cascade scheme of the decay, characteristic of some radioactive Mössbauer sources (for example 57 Co; Fig. 1a ), ensures heralding of the emission of the second c-photon by detection of the first c-photon in the cascade, which 'starts the clock' for measuring the waveform of the second photon 12 . The methods for coherently controlling temporal waveforms of single photons (well developed in optics owing to the use of high-finesse cavities and bright, coherent sources of radiation) are limited in c-optics, although the emerging state-of-the-art facilities, such as self-seeded hard X-ray free-electron lasers 13 and nearly 100% reflecting mirrors 14 , will provide an impetus for the development of such techniques.
We propose an efficient method to shape c-photons in an optically thick, uniformly vibrating, resonant, recoilless absorber, and perform a Fe absorber (Fig. 1) . The basic idea is that the vibration of an absorber leads to periodic modulation of the resonant 1 j i « 2 j i nuclear transition frequency ( Fig. 1b ) with respect to the frequency of the incident photons owing to the Doppler effect. As a result, the quasi-monochromatic incident radiation is transformed during its propagation into a spectral comb at the point where it exits the absorber. The relative amplitudes and phases of the produced spectral components are defined by the vibration amplitude and frequency, the detuning of the central frequency of the source from the resonant frequency of the absorber, the source and absorber linewidths, and the absorber optical depth. By changing these parameters, we can adjust the amplitudes and phases of the output spectral components and produce waveforms different from the incident cphotons. In particular, the creation of a constant phase difference between equidistant neighbouring spectral components of comparable amplitude would result in a sequence of pronounced, bandwidth-limited pulses.
The discussed method to produce ultrashort c-ray pulses essentially constitutes a c-ray implementation of a general approach based on the ultrafast variation of the parameters of a resonant quantum transition (see ref. 15 and references therein). Whereas in the case of atomic transitions the modulation of the transition frequency was produced by the quasi-static Stark effect in a strong laser field, in the case of nuclear transitions it is due to the Doppler effect. This resonant parametric technique, unlike the traditional techniques of nonlinear optics, does not require a high intensity of incoming radiation and, hence, can be implemented even in the single-photon regime.
The frequency modulation of recoilless emission by mechanical vibration has been intensively studied since the late 1970s in applications to spectroscopic measurements and the calibration of mechanical displacements (see refs 16, 17 and references therein). Recently, there was a suggestion to produce ultrashort c-pulses using a vibrating source, emitting frequency-modulated radiation, with a far-off-resonance absorber compensating the phase mismatch of the incident c-radiation spectral components 18 . Although sound in principle, that proposal is difficult to implement experimentally, because weak non-resonant interaction requires an absorber so thick that off-resonance losses are undesirably large. Use of a resonant absorber resolves that problem. Also, in practice it is easier to realize uniform oscillations of a thin, resonant absorber than of a radiative source.
The scheme of our experimental set-up is given in Fig. 2 . Observation of a single-photon waveform, shaped by the vibrating, resonant absorber, is based on the time-delayed coincidence counts of the sequentially emitted 122-keV and 14.4-keV c-photons (Fig. 1a) . Registering a 122-keV photon defines the initial moment, t 0 , of the formation of the 14.4-keV state and the beginning of photon emission (equation (2); all numbered equations are in Methods). We measure the delay, t 5 t 2 t 0 , in the detection of the 14.4-keV photon at the exit of the absorber with a 5-ns bin width, repeating this procedure many times. As a result, we obtain the coincidence count rate, as a function of delay, N(t), corresponding to the single-photon waveform Y(t) j j 2 (refs 5, 12, 16-21) . These experiments are essentially inspired by the recent demonstration of a new technique for optical single-photon shaping 22 . Transmission through the absorber vibrating with frequency V results in the reshaping of the exponential waveform of the incident photon. The output shape depends on the vibration phase, q 0~V t 0 , at time t 0 , but because emission of 122-keV photon is a stochastic process, q 0 is random. To reveal the coherent effect of the absorber vibration on the 14.4-keV-photon waveform, we collect only the coincidence counts of 122-keV photons and those 14.4-keV photons whose 122-keV photons were detected within short intervals, dt, around the times t (n) 0( q 0 z2pn)=V, where n 5 0, 1, 2, … (Fig. 2) , corresponding to the same vibration phase, q 0 .
This technique allowed us to demonstrate the temporal compression of an individual c-photon into a decaying train of ultrashort pulses that were an order of magnitude shorter than the decay time of the excited nuclear state (Fig. 3b) . In the following, we show experimental results that were obtained under conditions leading to pulses with maximum peak height for the given absorber thickness.
The physical origin of the waveform transformation is revealed by spectral analysis. The spectrum (Fig. 3a, inset ) of the quasi-monochromatic incoming photon (Fig. 3b , red dashed curve) in the laboratory reference frame is 'seen' by the vibrating nuclei of the absorber as a comb of equidistant spectral components separated by the vibration frequency, V ( Fig. 3a and equations (4) and (5)). Under the chosen modulation index, p 5 1.8 (see Methods), there are seven major spectral components. It can be seen that the upper-frequency sidebands are phase-matched with a phase difference of p between each neighbouring pair (brown squares), whereas three lower-frequency sidebands are phase matched with a phase difference of 0 (green triangles). Taking into account the equivalence of 2pn-shifted phases of the '22' and '12' sidebands ( Fig. 3a) , we can match five major spectral components, eliminating either the '21' or the '11' sideband by tuning it to the absorber resonance (by properly choosing the constant velocity of the source with respect to the absorber). This leads to the waveforms shown by the red line in Fig. 3b (elimination of '21') and blue line in the inset of Fig. 3b (elimination of '11'). In terms of the shift of the produced pulse train relative to the front edge of the photon, these waveforms differ from each other by half the vibration cycle, p/V. Owing to constructive interference of the generated sidebands, the peak values of the count rate rise above the exponential waveform of the incident photon. Even higher peak heights will be achieved if, instead of suppression of the phase-mismatched sideband through resonant absorption, its phase is shifted by p through resonant dispersion. Such a phase shift requires detuning from the exact resonance and a several-fold greater resonant optical depth; without strong off-resonance photoelectric absorption, it can be realized in a stainless-steel film highly enriched with 57 Fe. We also demonstrate the possibility of a single photon splitting into two pulses (Fig. 3c) , for the first time realizing a time-bin qubit in the c-ray frequency range 23 . The time interval between the pulses and the ratio of their amplitudes can be controlled by the vibration phase (Methods).
A direct count rate of the whole flow of the 14.4-keV photons versus time starting from t (n) 0 (without binding to the 122-keV photons) corresponds to averaging the 14.4-keV-photon count rate, N(t 2 t 0 ), over the time t 0 (equation (12)). In this case, the random flow of c-photons . It is glued on the polyvinylidene fluoride piezo-transducer that transforms the sinusoidal signal from the radio-frequency generator (G) into the uniform vibration (R, vibration amplitude). The time-to-amplitude converter (TAC), operating in the coincidence mode, receives the 'start' pulse, produced by detector D1 on registration of a 122-keV photon, and the 'stop' pulse, produced by detector D2 on registration of a 14.4-keV photon transmitted by the vibrating absorber. The delay, t, between the stop and start pulses is measured by the pulse-height analyser (PHA). At times t (n) 0 , matching the chosen vibration phase, Vt (n) 0~q0 z2pn, the generator also produces 'gate-in' signals, allowing TAC and PHA to measure the t provided that the 122-keV photon is received only within the short interval between t 
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transforms into a train of nanosecond pulses (Fig. 4) . The pulse repetition period is equal to 2p/V, and the pulse duration is defined by the inverse of the product of the number of phase-matched components (proportional to the modulation index) and the modulation frequency. An increase in the vibration frequency at a fixed vibration amplitude results in a proportional shortening of both the pulse duration and the repetition period, owing to an increase in the separation between the sidebands (compare Fig. 4a with Fig. 4b and Fig. 4c with Fig. 4d ). An increase in the vibration amplitude at a fixed vibration frequency results in a pulse shortening without change in the repetition period, owing to an increase in the number of sidebands (compare Fig. 4a with Fig. 4c and Fig. 4b with Fig. 4d) . However, the short, intense pulses are accompanied by the additional weak pulses appearing as a result of the phasemismatched components.
The maximum potentially available vibration frequency is 1 GHz with rather small modulation index, p , 2. A much higher modulation index (p . 10) may be achieved with moderate modulation frequencies (10-100 MHz), but in this case additional care should be taken in phase-matching the produced sidebands (using, for example, a chain of properly tuned resonantly absorbing foils or external phase synchronization by the diffraction gratings). Thus, the shortest pulses, which potentially could be produced by that technique, are limited to 100 ps (unless other methods providing higher modulation frequency and higher modulation index of the nuclear transition are used).
The described set-up is at present the only known tabletop source of ultrashort c-ray pulses. The parameters of the pulses, including the shape and number of pulses, the repetition rate (potentially variable in the megahertz-gigahertz range) and the duration (potentially 100 ns-100 ps), can be widely controlled. This allows for a variety of time-resolved experiments (including dynamic X-ray diffraction) directly in local labs, although such a tabletop set-up cannot compete, in terms of pulse duration and photon flux, with modern synchrotrons 24 . However, it has two unique features leading to applications that are unavailable with other existing sources of ultrashort X-ray pulses.
First, the produced pulses have exclusive spectral-temporal properties. At the moment, they are the only nearly transform-limited ultrashort pulses that can be produced in this frequency range. They can be used to generate frequency combs with a fixed frequency interval and phase-matched spectral components, providing a unique combination of wide spectral coverage and narrow spectral width for each component. (Fig. 3a) .
21
, R 5 0.27 Å (p 5 2). The experimental data are blue dots and the error bars are estimated from photon counting statistics as above. The red solid line is plotted according to equations (13) and (14). 
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Such pulses are promising for the realization of frequency comb spectroscopy (broadband, high-spectral-resolution spectroscopy) of nuclei in solids in the 10-100-keV energy range as well as time-resolved Mös-sbauer spectroscopy. They can also be used for efficient preparation of a coherent superposition of nuclear states, and for realization of quantum interference effects such as modulation-induced transparency 25 and electromagnetically induced transparency 26, 27 . The last effect has numerous applications in the optical frequency range, such as the implementation of resonantly enhanced nonlinearities (including single-photon nonlinearities), slow and stored light, lasing without inversion, and so on (see ref. 28 and references therein). Similar applications may be anticipated in the c-ray range.
Second, at the moment our tabletop set-up is the only source of single-photon, ultrashort pulses with efficiently controllable waveforms. The splitting of the single photon into two pulses constitutes the first realization of a time-bin qubit in this range of frequencies. The production of single-photon, ultrashort-pulse trains with pulse duration much shorter than the natural lifetime of the emitting nuclear level and with controllable waveforms provides a unique opportunity for the realization of quantum memories 29, 30 and other nuclear-ensemble/ c-photon interfaces, opening the way to applications in quantum communication and information.
METHODS SUMMARY
The transformation of a recoilless, spontaneously emitted c-photon on its propagation through a uniformly vibrating, resonant Mössbauer absorber is described semiclassically by numerically and analytically solving the Maxwell-Bloch equations with a harmonically modulated nuclear transition frequency in the rotatingwave and linear approximations. Modification of the shape of the c-photon at the exit of the absorber is studied as a function of the parameters of the system, such as the frequency and amplitude of modulation, the detuning of the central frequency of the source from the resonance frequency of the absorber, and the vibration phase at the time of the c-photon arriving at the absorber entrance.
We numerically plot waveforms for different parameter values to demonstrate how to produce a variety of waveforms from a single c-photon (including a decaying train of ultrashort pulses, a double pulse and a single triangular pulse). The regime of formation of a train of c-ray pulses with pulse-to-pulse coherence and a duration an order of magnitude less than the natural relaxation time of the resonant nuclear transition is described analytically within a simplified model.
Online Content Any additional Methods, Extended Data display items and Source
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METHODS
The transformation of a recoilless c-photon in a uniformly (piston-like) vibrating Mössbauer absorber can be considered as follows. The resonant absorber vibrates along the direction of propagation of the photon with amplitude R and frequency V/2p (Fig. 2) . The vibration set-up was designed to provide uniform vibration of the absorber as a solid body. In particular, a small absorber thickness, L = 2pV s /V, where V s is the speed of sound in the absorber, ensures that the internal vibrational modes have frequencies far beyond V and are not excited by the absorber vibration. Correspondingly, the coordinate z9 in the reference frame of the vibrating absorber is related to the coordinate z in the laboratory reference frame by the relation
The electric field of an individual 14.4-keV c-photon emitted by the radioactive source, E r (z, t), in the laboratory reference frame is represented by a classical quasimonochromatic wave 3, 4, 8, 17, 19 E r (z,t)~E 0 h(t{z=c)e
where h(x) is the Heaviside step function, t 5 t 2 t 0 is the time passed from detection of the preceding 122-keV photon at the moment t 0 (Fig. 1a) , C r 5 1/T r (C r /2p is the linewidth of the source and T r is the natural lifetime of the state jbae), v r /2p is the carrier frequency of the emitted photon, c is the speed of light in vacuum and Q 0 is the random phase. The propagation distance of the photon from the emitter both to the absorber and to the detector satisfies the condition Dz = cdt, where dt is the measurement error. Therefore, the count rate of the emitted photons in front of the absorber, calculated from equation (2), has the form (red dashed lines in Fig. 3b, c) :
In the reference frame co-moving with the absorber, the electric field in equation (2) takes the form
where q 0 5 Vt 0 , J n (p) is the Bessel function of the first kind of order n (n is the integer number), p 5 2pR/l is the modulation index and l 5 2pc/v r is the photon wavelength. Equation (4) results from substitution of equation (1) into equation (2) in the nonrelativistic approximation, assuming that C r = v r and taking into account e ip sin a~X ? n~{?
J n (p)e ina as well as J {n~e {ipn J n . Thus, the incident electric field 'seen' by the vibrating nuclei is frequency modulated and corresponds to a superposition of exponentially decaying spectral components with the carrier frequencies v r 6 nV. The amplitudes and phases of the sidebands are determined by the modulation index, p, through the magnitudes and signs of Bessel functions of corresponding orders, J n (p). Thus, '6n' sidebands, located symmetrically with respect to the carrier frequency, v r , have the same amplitudes, and their phases differ by np. The Fourier transform, E r (z',t)~e
, of the field of the incident c-photon (equation (4)) in the case of a short, as compared with the photon length, propagation distance, Dz9 = cT r , yields a representation in the form of the spectral comb
For p 5 1.8, which maximizes J +1 (p), this structure is shown in Fig. 3a , where the blue line represents the squared spectral amplitudes and the red line represents the spectral phases, respectively. With an increase in modulation index, a larger number of sidebands is produced.
Evolution of the electric field of the photon, E(z9, t), during its propagation through the absorber (0ƒz'ƒL), is described by the wave equation
where c'~c= ffiffi e p , e<1 is the background dielectric permittivity of the absorber, d e takes into account the non-resonant losses due primarily to the photoelectric absorption, and P is the resonant nuclear polarization, related to the coherence, r 21 , of the resonant nuclear transition
via the probability of recoilless absorption, f a , the concentration of the resonant nuclei, N, and the dipole moment, d 12 , of the resonant transition 1 j i « 2 j i (Fig. 1b) . Because the photons are depolarized and the dipole moments are randomly oriented, we can neglect the vector character of E, P and d 12 . The density matrix equation for the coherence of the resonant absorber transition has the form dr 21 dt
where v a /2p is the frequency of the resonant transition, c a /2p is the half-linewidth of its spectral line and n 12~r11 {r 22 <1 is the population difference between the energy levels j1ae and j2ae.
We seek a solution of equations (6)- (8) in the form F(z',t)ẽ iz'vr=c Ð ? {?F '(z',v)e {ivt dv, where F stands for E or P. In the rotating-wave approximation (jv -v a j=jv 1 v a j) , from equations (7) and (8) we find that
Fourier transforming equation (6), implementing the slowly-varying-envelope approximation (jLF'(z',v)=Lz'j=jF'(z',v)jv=c, jF'(z',v)=F'(z',v r )j=v r =jv r {vj) and using equation (9) results in the following equation for the field:
where T M~4 pf a v a Nn 12 jd 12 j 2 L=c a Bc ffiffi e p is the Mössbauer optical thickness. The solution of equation (10), satisfying the input boundary conditionẼ'(z'~0,v)Ẽ ' r (v) (equation (5)), has the form of a spectral comb:
This gives us the time dependence of the output field emerging from the absorber both in the vibrating reference frame, E out (z',t)~e
and in the laboratory frame of reference, E out (z,t)~e
E'(z'~L,v)e {ivt dv. Finally, the count rate, N out (t) ! jE out (z, t)j 2 , of c-photons shaped by the vibrating resonant absorber has the form
where T e ; 2d e L is the non-resonant absorber optical thickness. It is worthwhile to point out here that, because jE out (z, t)j 2 5 jE out (z9, t)j 2 , the waveform of a photon, N out (t) ! jE out (z, t)j 2 , in the laboratory reference frame is the same as in the reference frame of the vibrating absorber.
In general, the output c-radiation constitutes an amplitude-and frequencymodulated signal that has a form determined by the number of produced spectral components (that is, the modulation index), as well as their relative amplitudes and phases. If the p , 2.4 (p 5 2.4 is the first zero of J 0 (p)), then all Bessel functions J n (p) of non-negative order are positive and the lower-frequency sidebands of the incident c-photons in the vibrating reference frame (the first sum in equation (4)) are phase-matched with the phase difference between each neighbouring pair equal to q 0 , whereas the upper-frequency sidebands (the second sum in equation (4)) are phase-matched with the phase difference between each neighbouring pair equal to q 0 zp. This is illustrated in Fig. 3a for p 5 1.8 (which is the position of the global maximum of J 1 (p)), corresponding to production of three upper and three lower sidebands, and q 0 5 0. The phases of three upper-frequency sidebands and three lower-frequency sidebands are marked by brown squares and green triangles, respectively (see the right-hand vertical axis for the values of these phases). An elimination of either the '11' sideband or the '21' sideband from the incident spectrum (in the vibrating frame of reference, (equation (4))) by its tuning to the absorber resonance via the Doppler shift, caused by a constant velocity of the source relative to the absorber, leads to phase-matching of five out of the six remaining spectral components and results in the formation of pronounced ultrashort c-ray pulses (see Figs 3b and 4 and Extended Data Figs 1 and 5) . The theoretical curves on these figures are plotted in accordance with the numerical solutions of equation (11), (13) and (14), as well as the analytical formula in equation (15) . To fit the experimental data in Figs 3 and 4 , the calculated time RESEARCH LETTER dependencies were averaged over the acquisition intervals Vdt 5 p/2 (Fig. 3b) and Vdt 5 p/8 (Fig. 3c) , determined by the experimental set-up. As is seen from Extended Data Fig. 1 , the value of modulation index chosen for our experiment maximizes both the amplitude and the contrast of the produced pulses (red solid line). This happens because p 5 1.8 corresponds to the global maximum of Bessel function J 1 (p), which determines the amplitude of the '21' sideband (in the vibrating reference frame), suppressed by the resonant absorber. Strengthening the spectrally selective impact of the absorber on the incident c-photon in the vibrating reference frame leads to deeper modulation of the output photon in the laboratory frame of reference. As a result, reaching the peak of J 1 (p) corresponds to forming the most pronounced pulses. Reduction of the modulation index to p 5 0.8 leads to a decrease in the contrast of the produced pulses because of the narrowing of the generated spectrum (blue dashed line in Extended Data Fig. 1) . With an increase in modulation index, larger numbers of sidebands are produced, but because tuning the single absorber resonance allows for the elimination of only one 'wrong phase' spectral component (either '11' or '21'), it becomes impossible to phase match all of them using a single absorber line. Thus, an increase in modulation index above the optimal value (an example corresponding to p 5 2.8 is shown in Extended Data Fig. 1 by the green dashed line) leads to a reduction in the pulse contrast and generation of additional spikes because of the growing influence of the phase-mismatched spectral components.
The waveform of an output c-photon (equation (11)) strongly depends on detuning the central frequency of the source, v r , from the resonance frequency of the absorber, v a . The detuning, v r 2 v a , determines which component of the incident spectrum (in the vibrating reference frame) is affected by the absorber resonance (attenuated and/or phase-shifted owing to the resonant dispersion), and how the output spectrum is related to the incident spectrum. The time dependences of a c-photon count rate, plotted for three different values of detuning, v r 2 v a 5 0.5V, v r 2 v a 5 V and v r 2 v a 5 2V, corresponding to tuning the absorber resonance into the middle between the '0' and '21' sidebands, to the '21' sideband and to the '22 sideband, respectively, are plotted in Extended Data Fig. 2 . As is seen from that figure, only tuning the '21' sideband to the absorber resonance (as in our experiment; see Figs 3a, b and 4) leads to formation of the ultrashort c-radiation pulses owing to elimination of the 'wrong-phase' spectral component (red solid line). Tuning the '22' sideband to the resonance leads to the less pronounced amplitude modulation of the output c-photon, caused by elimination of the 'right-phase' component (green dashed line). In turn, tuning the absorber resonance between the sidebands leads to the weakest amplitude modulation (shown by blue dashed line) because of the limited influence of the absorber resonance on the spectrum of the incident c-photon.
Although using higher values of the modulation index does not allow for an increase in the peak amplitude or a reduction in pulse duration, it does allow for efficient single-photon shaping (Fig. 3c) , demonstrating spitting of the single c-photon into two pulses. The time interval between the pulses and their relative amplitudes can be controlled by variation of the vibration phase, q 0 , as shown in Extended Data Fig. 3 .
As is seen in Extended Data Fig. 3 , a change in the vibration phase at the moment of formation of the excited state jbae of the radiating nucleus (Fig. 1a) leads to a shift in the modulation pattern, produced as a result of the absorber's vibration, with respect to the front edge of the photon. Accordingly, it leads to a time shift of the second pulse (generated inside the absorber) in the produced pulse pair relative to the first pulse (which is the Brillouin precursor). In the case of Fig. 3c and Extended Data Fig. 3 , the vibration period, 2p/V 5 385 ns, considerably exceeds the lifetime of the incident photon T r 5 141 ns, and a change in the vibration phase therefore strongly affects the output photon waveform. If the oscillation cycle is shorter than the incident photon lifetime, as in the case of Fig. 3a, b , where 2p/V 5 98 ns, the vibration phase has a minor role (see Fig. 3b and its inset) .
The output photon waveform also depends on the frequency of vibration, V, which determines the timescale of the beatings in the photon detection probability (or the intensity of the output radiation) produced as a result of the absorber's vibration. This dependence is illustrated in Extended Data Fig. 4 , where the output count rate is plotted for the parameters of the experiment on a double-pulse formation (Fig. 3c) and three different values of the vibration frequency: V/2p 5 1.3 MHz (green dashed line), 2.6 MHz (the same as in Fig. 3c (red solid line) ) and 5.2 MHz (blue dashed line). As is seen from Extended Data Fig. 4 , an increase in the vibration frequency corresponds to a shrinking of the modulation structure in time, whereas a decrease in the frequency of vibration leads to a stretching of the modulation pattern in time.
It follows from Extended Data Figs 3 and 4 that the parameter values that were chosen for the experiment on double-pulse (time-bin qubit) formation from an incident c-photon (Fig. 3c) , that is, V/2p 5 2.6 MHz and q 0~{ 0:3p are optimal for the generation of the two well-separated pulses of nearly the same amplitude.
So far, we have considered the single-photon waveforms described by equation (11) . Averaging the output photon count rate, N out (t) 5 N out (t 2 t 0 ), over the moment t 0 gives the time-dependence of the full flow of c-photons, or an intensity of the continuous c-radiation, which can be produced by a high-activity source:
The substitution of equation (11) 
Under the approximation of complete suppression of a single '11' or '21' spectral component of the incident photon (in the vibrating frame of reference), and in the absence of the influence of the resonant absorber on all the other sidebands, equation (13) takes a very simple form: 
Noting that cos(Vt 1 p) 5 2cos(Vt) and sin(Vt 1 p) 5 2sin(Vt), it is clearly seen from equation (15) that tuning the absorber line to the opposite sideband is equivalent to a change in the phase of vibration by p. If t 0 , the moment of formation of the excited state jbae of the radiating nucleus, is undefined, this is equivalent to shifting the starting observation time, which can be chosen arbitrarily, and does not change the intensity envelope. However, in the case of a singlephoton waveform, both t 0 and q 0~V t 0 are fixed by the instant of formation of the excited nuclear state (emitting the photon). Therefore, the photons 'born' in different vibration phases can have qualitatively different waveforms, as shown in Fig. 3c , its inset and Extended Data Fig. 3 . Equation (15) also shows that the peak amplitude of the produced pulses is given by I max out !(1zjJ +1 (p)j) 2 . Thus, the pulses indeed reach their maximum intensity when the corresponding Bessel functions, jJ +1 (p)j, take their peak value, jJ +1 (p)j max < 0.58, that is, at p 5 1.8.
Although equation (15) does not account for the finite spectral width of both the absorber resonance and the incident c-radiation (that is, the width of each sideband of the incident spectrum in the absorber reference frame), in the case of high vibration frequency (relative to the source (and absorber) linewidth) it is in good qualitative as well as quantitative agreement with the experimental results (Extended Data Fig. 5 ).
As demonstrated in this work, the harmonic vibrations (with frequencies in the range of 1-10 MHz and modulation index ranging from 1 to 7) of the single stainless-steel absorber (with a natural abundance of 57 Fe and an optical thickness of about 5) makes it possible to form ultrashort pulses with a duration an order of magnitude shorter than the lifetime of the upper nuclear level (141 ns) as well as to produce a variety of waveforms from a single c-photon (including a decaying train of ultrashort pulses, a double pulse and a single triangular pulse) by changing the vibration frequency, the modulation index, the vibration phase at the moment of the photon's arrival, and the detuning of the incident photon from the absorber resonance.
The range of possibilities for c-photon shaping and ultrashort pulse production based on modulation of the nuclear transition frequency may be essentially extended by using both single and multiple absorbers of larger optical thicknesses (enriched with 57 Fe), as well as absorbers with a split transition line; different Mössbauer isotopes (in particular 67 Zn, which possesses a 93.3-keV recoilless transition with a 12.2-kHz linewidth); higher modulation frequencies and modulation indices; anharmonic (and even aperiodic) vibrations; and other techniques (such as the Zeeman effect) for modulation of the nuclear transition frequency. These possibilities will be addressed in our future studies.
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